ABSTRACT
INTRODUCTION
Partial discharge (PD) is defined as a localised electrical discharge which only partially bridges the insulation between two conductors. PD measurement is a well established condition monitoring technique used to detect the presence of incipient faults within high-voltage electrical insulation equipment. Due to the numerous measurable effects of PD various measurement techniques have been developed each having its own advantages and disadvantages, ranging from practicality to sensitivity and noise immunity.
The ultra-high-frequency (UHF) technique is a highly sensitive, non-contact method of PD detection which measures the radiated electromagnetic wave due to rapid acceleration and deceleration of charge at the discharge site. The radiated signal can be measured by means of a coupler, or antenna, having a frequency response in the UHF range (300 MHz -3 GHZ). Much research has been undertaken on the development of UHF monitoring for high value transmission equipment such as gas-insulated-substations [1] [2] [3] [4] [5] and more recently, power transformers [6, 7] . The importance of such equipment to the stability of a distribution network and the financial consequences a potential catastrophic failure usually justify the initial cost of the required high-bandwidth measurement hardware.
New applications are being developed for UHF measurement and diagnostics. Any electrical system can be monitored where PD, arcing or other fast transients internal to the equipment are symptomatic of a developing fault. It is particularly advantageous when the equipment is shielded since field dispersion is then limited and signal-to-noise ratio increased. One example of a novel application for UHF techniques is monitoring of an HV reactor [8] . Systems have also been developed for substation-wide UHF monitoring and location [9] . Any discharges occurring within metal clad plant items, however, are less likely to be detected. The proposed system aims to facilitate simultaneous monitoring of a number of plant items, for example MV switchgear units, by the installation of internal UHF couplers. A single coupler is fitted to each unit and connected to a surrounding coaxial cable loop. Using only a single oscilloscope with two sampling channels, multiple pieces of equipment can be monitored simultaneously, increasing the cost-effectiveness of the system. Fig. 1 shows the architecture of the system for an example in which MV switchgear is being monitored (although there is no need for the items being monitored to be the same or to be separated by equal distances). If PD occurs in unit 1, the radiated signal is detected by the sensor S 1 and transmitted around the cable loop in both directions. Due to the difference in path lengths, a characteristic time delay (t 2 -t 1 ) exists between the measured signals on the two oscilloscope channels for all signals entering the cable from S 1 . This delay is unique to each switchgear unit and can therefore be used to identify the faulty unit and monitor the A difficulty that often arises in practical PD monitoring systems is the problem of relating the magnitude of the UHF signal to the severity of the defect. Since the proposed system facilitates simultaneous monitoring of many units, comparison between signals should give a reliable indication of which items contain the more severe PD activity.
CABLE LOOP CONCEPT

PROTOTYPE SYSTEM
The prototype system (Figs. 2 and 3) consists of four individually shielded enclosures, each containing an internal monopole sensor. The sensors are installed on the rear of each unit, as shown in Fig. 3 , and connected to the cable loop using an N-type T-piece. Each connecting cable is 5 m in length. Data is acquired using a 2-channel, 500 MHz, 5 GS/s GaGe Compuscope CS85G sampling card installed on an industrial PC. The card is installed on a PCI bus and is interfaced with LabVIEW using the GaGe software development kit. The system is capable of identifying the unit producing PD as well as the severity of the PD activity. Software has been developed in LabVIEW (Fig. 4) to demonstrate the operating principles by providing a visual means of identifying the PD location and severity as well as allowing the user to set limits on the boundary conditions for high, medium and low severity according to PD amplitude. Information on the number of discharges, location and severity is also logged and stored to a data file. The number of units connected to the loop can be configured to match the site to be monitored. Table 1 lists characteristic time delays between the sensor nodes and the measurement system. The system relies on the relatively simple principle that each time delay is characteristic of the unique difference in path length from the sensor node to the respective oscilloscope channels, and can therefore be used to identify the node. The timedifference-of-arrival (TDOA) of each pair of UHF traces is defined as the difference in their maximum values. This is more computationally efficient than attempting to calculate the actual arrival points of the traces and gives just as accurate a result. The stochastic nature of PD along with the unique resonant characteristics and possible variation in PD location within each enclosure introduces possible differences between the actual TDOA of the initial points on each trace and the TDOA of the maximum points on the two traces. However, high TDOA accuracy is not required since the relatively large distance of 5 m between the sensor nodes allows for a reasonable location tolerance. The propagation speed in the cable is 5 ns/m, hence the 10 m difference in path length for signals travelling in both directions round the loop corresponds to a time difference of 50 ns between sensor entry points, as shown in table 1. Note that although cable lengths are equal for the demonstrator, this is not a requirement of the system. 
UHF Couplers
It is assumed that modifications to the outer housing of the metal-clad equipment can be made to facilitate the installation of internal sensors, although if this is not achievable, other sensor options exist, as will be discussed later. Installation of an internal antenna such as the one shown in Fig. 5 will achieve high sensitivity as evidenced by its frequency response in the 200 MHz -2 GHz range (Fig. 6 ). Mean effective height is defined as the sensor output in mV per unit electric field input in V/m. The sensors on the prototype system have a mean effective height of 10.2 mm; well above the minimum recommended sensitivity of 2 mm for monitoring of GIS [10] . To eliminate the possibility of electric field concentration by the coupler itself, planar sensors are normally used for GIS and transformer monitoring. Since the likely application of the cable loop system is medium voltage equipment, a monopole sensor can be safely used. The introduction of dielectric shielding around the sensor further reduces the possibility of electric field enhancement. 
DISCUSSION
The primary function of the system is identification of the item producing PD. It is also possible to detect intermittent or repetitive arcing. An external reference antenna could be used for gating out transients that are not internal to the equipment. Envelope comparison techniques [11] may also be incorporated. These will facilitate separation of multiple defect types occurring in the same unit based on the envelope characteristics of measured UHF pulses. Incorporation of phase resolved data will also be possible.
Since there is an impedance mismatch at the T-connections onto the cable loop, a certain energy loss will occur and will increase depending on the number of nodes in the system. Additionally, since the antennas are not perfectly matched, a small fraction of the induced voltage on a given coupler may be lost in the form of radiation from adjacent couplers on the loop. For the prototype system, such losses are negligible and do not affect its operation. For a larger system though, an upper limit on the number of nodes in the range of 20 -50 is anticipated depending on cable lengths and the ambient RF environment.
Although MV switchgear is the application that has been chosen in this case, the system is not limited to monitoring such equipment. It should be noted though, that the idealised laboratory set up, where each switchgear compartment is isolated both from external interference and from crosstalk between units, will not always hold true in practice. Normally a central busbar runs through the units supported periodically by spacers. This will introduce a certain amount of signal leakage between units. The location system should still provide valid results provided the sensor placement is such that the path length of the radiated signal is shortest from the point at which PD occurs in the unit under consideration to its associated coupler. The calculated ΔT will still be valid even if signal leakage occurs provided any crosstalk is captured along with the desired UHF pulses on the same trace. Since the peak voltage of the measured waveform is used as a reference for time delay calculation and any crosstalk is likely to be lower in magnitude. The accuracy of the system will depend on the characteristics of the system being monitored.
Current approaches to asset management of MV switchgear vary. Manual inspection or periodic monitoring may be applied, or the unit may be replaced only after a failure eventually occurs. The efficient PD monitoring solution presented in this paper may provide a useful additional tool, allowing comparative information to be gained on PD characteristics across the substation. Of course, expert knowledge is still needed when attempting to identify any potential fault. For example, if PD does occur, it is not necessarily indicative that a failure is imminent.
Comparative monitoring of many units across the substation goes some way towards overcoming this uncertainty. Continuous rather than periodic inspection will allow the acquisition of trends in PD data, providing engineers with additional knowledge to judge with greater confidence the probability of failure. Preliminary feedback from asset managers has suggested that although the multi-sensor PD monitoring system would be a useful tool, sensor design and installation is a key issue in its successful deployment. There is some reluctance towards the requirement of modifying the external housing for internal coupler installation. Where this is an issue, it may be possible to install miniature internal sensors without modifying the equipment in any way. This could be achieved by inserting the coupler through small gaps in the equipment. Highly sensitive UHF couplers requiring entry points of less than 1 mm diameter are currently in development for this purpose.
CONCLUSIONS
A novel PD measurement system has been developed which aims to provide an economical approach to UHF PD monitoring by spreading the cost of the measurement hardware across many pieces of equipment using a multisensor cable loop. Since multiple units are measured simultaneously, PD severity can be judged by comparison with ambient levels across the substation. A system has been constructed and tested which is able to identify the unit producing PD by time-difference-of-arrival between the two signals arriving at the respective sampling channels. It is clear that the installation requirements of the system will be unique to each substation with sensor design and installation identified as a key issue in its successful deployment.
